The use of sourdough as the starter culture for bread making is one of the oldest processes in food fermentation and is very much prevalent in being used for the manufacture of various multigrain breads. The fermentation process of breads from mixed flours is one way, reported to reduce the glycemic index as compared to white bread. In this paper, we have discussed the use of (autochthonous) native culture vs pure culture use, in fermentation to prepare a starter culture sourdough by propagative fermentation. Since such a dough is incorporated in the sourdough bread making process (1:3), by the initial process of intermittent back-slopping (at intervals of 3.5 and 7 days) to propagate sourdough with a starter culture, as a part of the process, we observed the reduction in glycaemic index of the sourdough itself to as low as GI=40, at 3 rd day of fermentation when the pure consortium and at 5 th day of fermentation GI=43, when the native consortium was used. The sourdough process is thus an essential tool, aimed to make healthy breads, as it is incorporated as an ingredient in the process, to make sourdough bread.
Introduction
Healthy diets with preferences on multigrain breads, can contribute to low glycaemic indices. Since the glycaemic index (GI) is a measure, used to classify foods, according to their potential to raise blood glucose levels [1] , low GI foods are preferred in diets. High glycaemic foods are responsible for weight gain and obesity [2] [3] [4] and high consumption of such products has often been associated to an increased risk of type 2 diabetes [5, 6] and cardiovascular diseases [4] .
Preferences towards healthy diets can be possible, if they are culturally relevant, actionable and accessible to all that can help to promote robust health systems [7] . Thus, an important issue by adopting healthy food systems to halt the rise of obesity, prevalence of raised blood pressure and Type 2 diabetes, generated indirectly by consumption of high GI foods, can help to reduce such non-communicable diseases [8] . The nutritive, sensory, textural, and shelf life Food Science and Technology Original Research Article: full paper advantages of the sourdough technology in manufacture of baked products has been reported in baked goods as wheat and rye breads, crackers, pizza, multigrain and gluten-free products also [9] [10] [11] .
Fermentation of dough, using an initially prepared sourdough (starter), allows biochemical changes that occur in the carbohydrate components of the flour with the use of starter, due to microbial fermentative metabolism of combined metabolic activity of lactic acid bacteria and yeasts [12] , can decrease the glycaemic index in such baked goods. Under this context, the flat breads from dough fermented in age old ways, 'sourdough' are also available in India, known colloquially by traditional names such as pao, nan, tandoori roti, kulcha, khamiri roti, moghlai roti. They are also available in many other Asiatic parts of the world. In Germany sourdough bread as german vollkornbrot, is awholegrain seed bread [13, 14] from whole wheat flour, with characteristic taste and flavor. Even cinnamon rolls (sweet), and various other sourdough breads [15] , and brown breads (Kurbiskernbrot), have a mention of the use of whole wheat flour and flours that are locally available. Sourdough breads involve a fermentation step with a starter culture. The starter can be available or propagated in the flour to as old as 100 years, as used fresh/dry as starters cultures or even propagated finally as dried starter cultures, for the purpose [15] . Such techniques can play a role in modification and improvement of bread quality so prepared [16] with sourdough. Also some brown breads that are available in the Indian market are sprinkled with grains on the bread, instead of using multigrain flour to bake the bread. There are known limitations to the use of whole wheat flour in breads (brown breads), which tend to make it crusty and hard [17] . Little is known about predicted glycaemic indices of the sourdoughs due to fermentation of the dough to be used for bread making. However the use of starter culture(s) to make the bread dough, improves its final texture [17] , taste and flavor [18] . Most importantly these starters can provide resistance to contamination by other microorganisms and starters can also be maintained for decades [19] . The use of either a native flour microflora or known pure culture in flour, as starter culture, can allow differences in fermentation of dough, due to their capacity to utilize the available carbohydrates present in the flour. Since the process of leavening sourdough, consists of adding an active microbial consortium [yeast and lactic acid bacteria (LAB)] in the flour, it helps in its acidification [20] . The use of starter cultures in this study, provided information on the spontaneous vs known culture use, in sourdough bread making. The resulting sourdough was used to formulate multigrain sourdough bread. Thus the present work aimed to evaluate the use of two different starter cultures (native microflora or pure culture in fermented dough), that may change the glycaemic indices of sourdough at different stages of the fermentation. Also fermentation allowed biochemical changes that favorably worked towards low sugar release also. The results have generated interest to further this study in making it a profitable enterprise for sourdough bread, in a market demand that prefers healthy diet products. The work thus explored fermented dough (sourdough), as a possibility to formulate the multigrain bread, with an acceptable taste. Such components are also known to bring down gluten contents in bread. Bread fermenting with sourdough technology is not very new to Indian markets with available flatbreads. Hence, if this technology gets adopted it can very well be brought into healthy diet list in an Indian market.
Materials and Methods

1. Raw material and dough preparation
Flour used: The flour mix used was from different grains, namely, whole wheat, barley, ragi and sorghum were mixed in the proportion 80:10:5:5 (w/w) respectively. The proportions of these flours were decided, based on preliminary trials (not reported herein) suitable for bread making [21] . This multigrain mix flour was pasteurized for two consecutive days and used in two dough preparations. Two kinds of dough were prepared, based on two different starter culture doughs, used.
The starter culture preparation: Starter culture (used as fresh dough starter) was prepared by Sourdough Type II process [22] , for propagating sourdough with starter culture from: 1) native microflora containing, sourdough starter, that was propagated in the flour naturally; 2) a sourdough starter, made and propagated with an added starter flour (dry, contained pure cultures for San Francisco bread), supplied by Sourdough International, Idaho, USA, as comple-
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These two fermented doughs, were the starter culture doughs and also used for propagating mixed flour to higher volumes for bread. Thus, the starter dough and sourdough for bread were scaled up simultaneously. The mix that was propagated to higher volume starter culture dough contained starter dough and fresh dough in ratio 1:3 (starter culture dough: flour mix with water).
Process to propagate the sourdough by fermentation to a higher volume:
The propagation/up-scaling of the dough followed same ratio (1:3), each time the dough was needed in a higher volume, and left to ferment under room temperature (21±3 °C), to a fermented dough mix, with back slopping technique after every 72 h intervals. Both the doughs were thus propagated by back-slopping technique on 0 th day, 3 rd day, 5 th day and 7 th day to reach a final volume of 1200 g dough ( Fig. 1) in each case, for making sourdough bread [15] (Fig. 2) . This was thus done to suit the requirement of making bread using the sourdough technology. 
Biochemical Analysis
At each period of propagation, a sample (20 g) from the fermented dough was harvested and frozen at 0 ºC for further analysis. The pH, titratable acidity, total solid content of such fermented/ propagated dough (with native/pure starters) was determined by standard procedures. The pH was determined with a pH meter (Labman Scientific Instruments Model No LMPH 10) that was previously standardized. The total acidity was indicated from a titer value of a 10 g of sample that was diluted to 100 mL with distilled water and titrated with 0.1 N NaOH with an indicator (phenolphthalein), to an endpoint of titration as a permanent light pink color that persisted for 30 sec., usually obtained at pH of 8.3 [24] . The acidity was expressed as a titer volume of alkali to neutralize the total acidity present.
The total solid contents were determined by heating a sample in an oven at 105 °C until a constant weight was obtained and calculated for percent solids, present in a sample, and calculated as below (1).
Wt of dry sample 100 % Solids
. Wt of fresh sample
Since the propagated fermented dough was used to bake bread, we studied the glycaemic index (GI) of fermenting dough on 0, 3, 5 and 7 days of fermentation. For this the reducing sugars
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Original Research Article: full paper [Total reducing sugars (TRS)] and total carbohydrates (TC) that were released in dough (0, 3, 5 and 7 days) were estimated [25, 26] . An in-vitro dialysis procedure was followed [27] , where a 5 g sample was homogenized in 20 mL of 0.1 M potassium phosphate buffer solution (pH 6.9) at 37.8 °C in 100 mL Erlenmeyer flask. The system simulated the digestive tract environmental temperature. The sample pH was lowered to pH 1.5 with 8 M HCl, and digested with 1 mL pepsin enzyme (115 units) (Sigma-Aldrich). The sample was then placed in a water bath at 37.8 °C for 30 min incubation with stirring with glass ball beads, to simulate peristalsis. Each sample was then buffered back to pH 6.9 with 10 % NaOH solution and 1 mL α-amylase enzyme (16 units) (Sigma-Aldrich) added and left to digest for 10 min in the same water bath. All such digested sample contents in the flask were then transferred into a dialysis tubing (MWCO 14,000) (250×20 mm strips). The ends of the tubing bags were clipped and placed individually in flasks, containing 500 mL of phosphate buffer solution pH 6.9, under continuous and slow stirring (115 rpm), emulating intestinal movements. A dialysate volume of 30 mL was drawn out from the buffer solution, at every 30 minutes interval in the 4 hrs of dialysis and the volume was replaced with fresh buffer. Each of the so withdrawn dialyzed samples was placed in a boiling water bath for 5 minutes, quickly cooled and kept frozen until further analysis for total reducing sugars and total carbohydrates. Thus, these individually dialyzed samples of sourdough (that were sampled in different periods of being fermented), were analyzed for glucoses (as TRS) [25] and TC [26] , using glucose as a standard and buffer (phosphate buffer solution pH 6.9), as a negative control of fermentation. The concentration of glucose (moles/L) vs time (0-180 min) was graphically analyzed for an area under curve (AUC) for each of the fermented samples. The rate of carbohydrate hydrolysis for hydrolysis index (HI) values was calculated as:
The glycaemic index (GI), was then calculated from equation [28] :
The fermented samples were compared to the 0 day fermented starter dough for calculated GI.
3. Enumeration of bacterial and yeast colonies
The total counts of the pure dough starter cultures were enumerated by standard procedure [29] on Nutrient agar. The MRS agar and GPY medium (Hi-media) were used for enumeration by dilution plating of the sourdough samples for lactic bacteria and yeasts respectively. The native sourdough and pure culture samples were enumerated.
To isolate cultures from the pure culture, containing flour, used in the study, de-Mann Rogosa Sharpe agar (MRS agar) [30] and GPY media were used. The plates were incubated for 5 days and re-streaked if necessary to obtain pure culture isolates. The pure isolates were sub-cultured and stored for any further mass culture requirement.
Results
1. Flours as an ingredient
Blending wheat flour with other flours can bring additional advantages during SD preparations. As with sorghum as a flour in the blend for SD held significance during fermentation. This flour has a kafirin-rich protein matrix, usually not affected by proteolytic degradations. But during fermentations, soluble peptides are released from hydrolysed proteins that are taken up for the bacterial growth, from sorghum flour [31] which ultimately leads to the souring action in fermenting dough. On the other hand, on boiling/cooking of this flour (as in pasta), kafirins are converted into almost insoluble protein aggregates that are not accessible to disulphide-reducing agents. This reflects its importance in fermentation when present in sourdough versus unfermented flour (extruded) when used for pasta making. Nevertheless, each product has its own advantages,
Food Science and Technology
Original Research Article: full paper but still fermentation, plays a role in the dough, by releasing starch granules from such compact (kafirin-rich protein) matrices. On the other hand, the use of barley flour can help to give a rise in dough, by preventing a collapse of the loaf at proofing stage and also helps to give a good texture to the bread loaf [32] .
2. Sourdough starter inoculums/ cultures
In our study, the doughs from both the fermented samples showed countable colonies after 10 6 times dilution of sample. The native culture fermented dough showed 5×10 8 cfu/g with 5-6 different morphological colony types. The pure dough however showed a gummy yeast culture on the glucose peptone yeast extract agar (GPY) medium that lost the gumminess after repeated streaking. Lactic acid bacteria, isolated on MRS agar medium [30] , and yeast culture, isolated on GPY medium (by incubation at 30 °C), from the dough. They have not been taken up for detailed studies. The pure cultures are reported to be as used in bakery previously [20; 23] . Previously it was reported [33] that total bacterial counts of fourteen sourdough samples to be in the range of 5.97 to 9.57 log cfu g −1 .
Since sourdough that has constant properties (e. g., acidification, leavening capacity) is mature, we considered the propagated sourdough ( Fig. 3, a) as mature. This dough had a pleasing flavor and odor and was thus used as a starter for making multigrain bread ( Fig. 3, b) . The total counts of this pure sourdough starter were 7×10 7 cfu. g -1 on the nutrient agar medium. At this stage, lactic acid bacteria (on MRS agar) reached values as high as 53×10 8 cfu. g -1 . Similar values have also reported earlier for mature dough 9.0 log cfu. g -1 [6] .
Changes in the pH, titratable acidity and total solid content of the fermented dough
Changes in pH, titratable acidity (%) and total solid (%) content with respect to fermentation time of the leavened doughs using two different starters are shown ( Table 1) . As is evident, there was a continuing decline in the pH of the dough, fermented with the native microflora, till 7 th day of propagation, showing the lowest pH value of 5.04.
In contrast, fermentation of dough with the pure starter culture led to maintenance of pH throughout the fermentation period and a gradual increase in titratable acidity. There seemed to be a pH buffering stability that persisted at pH 6.2, along with the increasing titratable acidity level in the dough, at each propagation stage ( Table 1) .
A microbiota development for sourdough is known to be a deciding factor in fermentation, especially when using pure culture dough starter [34] . The starter dough favours the growth of lactobacilli over the yeast growth, a characteristic feature, when pH values are observed to be >4.5 in the final sourdough, used for bread, and L. sanfranciscensis, in particular, does not grow below pH 3.8 [22] . Such a pH environment of sourdoughs, formed after 7 th day, indicated predominance of lactic bacterial activity. The dough, prepared with the native starter culture, also showed comparable pH values. Thus, a dough environment can be a decisive growth-limiting factor, for the organisms in sourdough.
A similar reduction in pH of sourdoughs has been reported by others (35) , in wheat-legume sourdough, chickpea sourdough and lentil sourdough during the 10 days back-slopping technique,
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Original Research Article: full paper as also with a corresponding increase in titratable acidity. Microbiota that develops in the changing pH of sourdough may be a reason to influence the final dough of a different starter culture. The mature Italian sourdoughs have pH from 3.70 to 4.28 in bread [6] . This technology still requires better insights into the genetic and phenotypic diversity of strains, to exploit them further. In previous studies, it has been shown that sourdough fermentations, carried out in the laboratory with flour as the sole non-sterile ingredient, harbor more different species diversity than artisan sourdoughs, prepared in a bakery, with respect to both LAB and yeast species [36] [37] [38] . Thus, preparing sourdough with the pure culture consortium with favorable metabolism can help to reduce the sugar release as required for a low GI, perhaps when the sourdough as a constituent, is used for baking it into bread. Now observing the acidity in fermentation of dough with the pure starter culture, an increase at 3 rd day, intermediate phase, is an evidence of the presence of yeasts and lactobacilli that increased in propagation of the dough. They are metabolically active [39] during propagation and can hydrolyze carbohydrates (HI, Table 2) in the fermenting dough. Such changes in the sourdoughs were similar to those, reported in earlier studies [12, 28] . Table 2 Release of reducing sugars and carbohydrates from sourdough samples after in vitro digestion with pepsin and amylase
S. No. (Days of fermentation
after inoculum added * )
Maximal release of TRS $ (mg %) (in digestion time, h)
Hydro lysis index Glyce mic index Native SD as Inoculum propagated in flour mix Comparing the pure culture to native culture dough fermentations, all the sourdoughs, developed by pure culture fermentations, showed much lower titratable acidity, as compared to the native culture fermented counterparts till the last period, under propagation. To note, the sample propagated by pure cultures, had lower final acidity (9.82 %) than that, propagated by the native culture dough (14.75 %), on the 7 th day.
The solid content in the samples, fermented with the native culture dough and pure culture dough, was 41 % and 48 %, respectively. Thus, the native micro-flora and pure culture (of lactic acid bacteria and yeast), propagated in the dough, were the reason for such varying levels of pH and acidity in the fermentations. Hence, pure culture fermentations are always a preference to spontaneous fermentations, wherein we can obtain fermented conditions more suitable to a taste (less sour), more liked in a product like bread. Since this was sourdough fermentation, the acidity and pH, observed in dough, fermented with the native culture, showed pH and TA changes towards making the dough more acidic and perhaps sour, fermentation with the pure culture would be far much a preferred starter for such products (bread).
The other advantages of sourdough fermentations are for the lactic and acetic acids, produced in the medium to resist contamination by other microorganisms [19] and also for improved flavors, as in wheat breads [38] . The use of the pure culture in the multigrain sourdough yielded characteristically pleasant and fruity aromas in the dough as compared to native culture sourdough. According to previous report [40] , whole wheat flour sourdough bread, enriched with oat fibre, showed more pronounced acidulous smell and taste, and an intense and more appreciated aroma with respect to normal breads, owing to the lactic acid bacteria, growing in the sourdough.
The analysis showed an overall status of fermentable ingredients on GI of dough which may have an influence on the ultimate low sugar diet requirement from consuming bread. The sourdough mix when propagated and fermented till a 7 day period showed maximum total reducing sugars (TRS) at 0 day in sourdough (53 mg %) that reduced with fermentation to 47 mg %, 27 mg % & 18.22 mg % at 3 rd and 5 th & 7 th day after propagated fermentation with the native flora respectively ( Table 2) . All these fermented samples showed the maximal release of these sugars after 3 h of enzymatic digestion (in vitro). Interestingly, in contrast to the higher release of reducing sugars in case of the samples, fermented with the natively present micro-flora of flour, there was a steady release of reducing sugars in the samples, fermented with pure cultures and known sourdough inoculums, that released 14 mg % (3 day) to 12 mg % (5 th and 7 th day) from 33 mg % of TRS, present initially in the inoculated sample at 0 day. Again, digestion of carbohydrates showed less release into the solution when the flour was fermented with sourdough of known pure cultures as compared to the samples, fermented with the native microflora ( Table 4 ). The reduction in hydrolysis indices of the samples was also directly related to incremental days of fermentation. This pointed to a potential lowering of glycaemic index due to fermentation. The sourdough from a pure culture as inoculum was a better potential starter in reducing glycaemic index of sourdough in 3 days only as compared to 5 days of fermentation with the native microflora.
In vitro digestibility of carbohydrates in fermented dough
Sourdough, propagated with the native culture, showed randomness in breakdown of the complex polysaccharides during the 3h digestion period (Fig. 4) in the propagated samples at different time intervals. The release of reducing sugars was not uniform as monitored over 30 minutes regular intervals of invitro digestion.
On the other hand, the dough propagated using the pure culture, sampled at the different propagation periods (0, 3, 5 and 7 days), showed a gradual and progressive increase in the reducing sugars with the increase in digestion period (Fig. 5) . The maximal sugars released were 46 mg % in the native sourdough sample (3rd day, 3 h digestion period) as compared to 14.48 mg % in the pure culture sourdough sample (3rd day, 3.5 h digestion period) ( Table 2) .
In the sourdough, fermented by native cultures, the reducing sugars (3 days after fermentation), released after 3h digestion, were about 80 % higher in dough as compared to sourdough fermented with pure cultures. The pure culture propagated sourdough showed a sharp 36 % drop in the total reducing sugars, released post 3 days fermentation (Fig. 3, 4) . At the 7 th day of fermen-
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Original Research Article: full paper tation the sourdough with the native microflora released about 58 % higher total reducing sugar content as compared to the pure culture propagated dough. The higher titratable acidity and also the presence of enzymes maybe attributed to such an observation [41] . A low release of sugars is the preference for dietary GI. Thus, the pure culture propagated sourdough that showed the slow release of sugars (TRS) is the dough, preferred for use in making multigrain bread (Fig. 2, b) , indicating the low GI that would also be present in bread. The hydrolysis indices (of carbohydrates) and predicted GI of sourdough at different intervals of propagation, using the native and pure microflora, are shown in Table 2 . The rate of in vitro carbohydrate hydrolysis was used for GI as it is considered to be a presumptive measure of the GI 
Original Research Article: full paper in healthy subjects [42] . The hydrolysis index (HI) is dependent on the total release of sugars (TRS) in the full period of digestion. A higher HI indicates higher AUC for sugars in dialysates. An overall low rate of hydrolysis up to 3 days could be a reason, explained by the presence of the native microflora (spontaneous fermentation), whereas pure culture fermentations helped in higher rate of hydrolysis at 3 days. The corresponding, GI values were much lowered in the dough, developed by pure culture propagation, after 3 days of fermentation. In case of native culture propagation, the low GI values were obtained only after 5 days of fermentation in the dough ( Table 2) .
Conclusion
Dough fermentation creates a matrix, formed by the entrapment of gas bubbles, due to yeasts in fermentative stage along with dough expansion (leavening) and acidity development due to added microbial inocula. The leavening step enhances the surface, exposed to enzymatic activity. L. sanfranciensis, the lactic culture with yeast strain, in the pure starter culture consortium, as supplied, was used in this study. L. sanfranciscensis is also known for its ability to produce an enzyme, glutathione reductase (GshR). This enzyme can reduce the sulfhydryl compounds, present in wheat flour. This culture then helps to maintain a required redox homeostasis in fermentation due to its GshR activity and serves in disulphide exchange reactions in wheat doughs. The sulfhydryl compounds, which undergo a disulfide-sulfhydryl interchange with other low-molecular-weight thiol compounds, can cause cleavage or reformations of disulfide bonds in wheat dough. Such interactions lead to formation of glutenin macropolymers in wheat doughs that then determine a dough rheology, and its gas retention. All such changes influence the resulting consistency of dough [43] . The presence of such lactic starters, thus contribute to beneficial effects in sourdough fermentation and in bread texture. Thus, bread volume and texture is hence determined both by the flour and starter culture used. Now considering the aspect of healthy diet, the sourdough was a source of reduced sugars in fermented flour (sourdough) itself. Also that the fermentable carbohydrates that remain in the bread even after baking also can affect the food's GI and can also have a potential to regulate postprandial responses to a second meal effect, by reducing non-esterified fatty acids (NEFA) competition for glucose disposal and, to a minor extent, they also affect the intestinal motility [44] . Low postprandial blood glucose is associated with a low risk of metabolic diseases (diabetes).
Thus, the sourdough technology has beneficial effects and can provide healthy diet food in the form of sourdough multigrain bread.
To the best of our knowledge, the application of sourdough to the fermentation of wheat-sorghum-barley mix sourdough in bread making has never been investigated. This study gives a comprehensive and comparative view of the effect of fermentation on the development of sourdough, by a spontaneous fermentation (native flora in dough) as compared to fermentation with known starter (pure microbiota) culture dough. Sourdough, prepared in making bread, can also be expected to have reduced GI values and are yet to be confirmed though. However, such GI values are an interesting part of this investigation that has never been explored earlier. An acceptable taste and softer texture (details not reported here) (Fig. 6, a) as compared to similar brown bread, available in the market of Austria, prepared by sourdough fermentation (Fig. 6, b, с) had a very hard inner texture. Reports are available on the different kinds of flours that can reduce GI values of gluten free breads [27] . The GIs so reported were in the range of 69 to 95 which are high, but lower than white
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Original Research Article: full paper breads. Low GI bread from sourdough, made from such low GI sourdough starters, is the next important component to be accomplished for further inclusions in healthy diets. The use of the pure starter culture in propagation of sourdough is thus emphasized by this study. This technique can also be used to enrich the functional quality with bioactive compounds, for health (anti-inflammatory activity, from black carrot color extracts substitution in wheat flour as 7-8 %, for bread [45] [46] [47] . By adding such ingredients at sourdough stage, we can also increase digestibility of bioactive anthocyanin compounds in black carrots [48] . The results of this study will be helpful to choose specific starter cultures and specific fermentation time of sourdough starter, to develop low glycaemic multigrain breads.
Multigrain breads, prepared by the use of the sourdough process, can help to improve the bread volume, crumb structure [49] [50] [51] [52] , flavour [18] , nutritional values [49, 53, 54] and shelf-life [49, [55] [56] [57] [58] .
Henceforth this technology can have multifaceted advantages towards bread, with better textural properties along with health benefits towards lifestyles disorder diseases, as type 2 diabetes, that is widespread in the present world. To have a sourdough bread-making technology in place with its benefits as above, will be a direction towards listing healthy diet foods.
One of the limitations in this technology is the mass multiplication of the starter and availability of a pure starter culture, especially in India. The feasibility of using a starter culture from an already available manufacturing/production unit, as supplied by Sourdough Int. (in this study), shows that this technology is an adoptable technology. The technology must have hygiene certifications (HACCP), necessary both for a starter culture production unit as well as for the bread-making production unit. Attention also needs to be drawn on the use of appropriate starters. Some of the lactic bacteria are known to produce biogenic amines, that can result into toxicological problems, if such foods contain relatively high levels of these compounds (especially tyramine and histamine), and consumed [59] . However, the starters, used in this study, produced none or negligible levels of biogenic amines, as checked, in vitro for histamine and putrescine [60] .
